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Abstiract.

The primary limitation to ground-based optical/IR interferometry is the turbulent atmo
sprlhiere, which linnits sen sitivity by restricting the cohieren ce voluine, limits imaging accuracy by
corrupting the fringe pliase, and lian its astrometric accuracy by corruptiug the angle of arrival,
Various advanced technigues can be used to circomvent these limits to some extent. Sensitivity
can be increased with adaptive o} stics and laser guide stars, which should eventually be able t o
phase the individual apertures of an interferometer down to some cutofl wavelength, limited by
tilt scnsing. Hl owever, the sky coverage for cophiasing the interferometer 011 an arbitrary object
will remainlimited al short wavelengths. For imaging, closure-phiase techiniques, well established
inradio interferometry, will be used in next-generation insty ument s, However, for maximum sen-
sitivity on extended objects, redund ant arrays will be nceded to cophase the interferometer. For
as tromet ry, the limits to wiclc.field astrometry set by the atmosphere can be reduced somewliat
with two color techniques, but other wise do not seein reducible by the techniques now being dis-
Cussed. However, over narrow fields, the astrometric performance of an interferometer can be quite
good. In space, without the corr uptions of the atmosphere, the fundament al limitation is photon
noisc. However, technical issues sucli as mctrology accuracy and practical issues such as maximum
affordable basclinelength will also lmit p erformanice.

Key words: long-baseline interferometry - inter ferometric imaging - astrometr y - atiospheric ef-
fects

1. Introduction

Atmospheric turbulence limits all visible and infrared observations made from the
ground, whether they be imaging or astrometric. However, recent advances in adap-
tive optics and laser guide stars and new techiniques in astrometry can be used to
circumvent these imits to some extent. While a ground-based interferometer can
never exceed the perforinance of an iden tical instrument in space, similar perfor-
mance should eventually be achicevable for certain wavelength bands for certain
types Of 1maging and astrometric observations. In fact, the large cost differential
between instruments on the groun d and instruments in space is such that consid-
crably larger instruients can be built on the ground, and better perforimance may
indecd be achievable from the ground for certain types of observations.

This brief review discusses the atmospheric limitations to imaging and astror -
dry on thie ground using Miclielson interferometers in the visible and near-1R,
instrument configurationsand observation strategies to deal with these limit ations,
and a brief comparison with space interferor neters. More detail on advanced tech -
niques for interferometry is disc ussedin (Shao & Colavita, 1992a) and references
thercin.
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2. hinaging

The effect of atinosplieric turbulence on gmu]ld-based imaging is twofold: the re-
duction of the cohcrence volume (the product of the atmospheric coherence arca ré
and the coherence time7g) results in a loss of sensitivity, and thie corruption of the
Michelson fringe phasor usually niakes the raw fringe phasc unusable for synthesis
imaging. Despite working under these lhmitations, excellent science has been ac-
complished with existing instruments. However, future high-perforinance iinaging
systems must address both of these issues. ‘I'he sensitivity issue cari be addressed
by using adaptive optics t0 phascthe in dividual apertures of the array, essentially
increasing g to thie apert ure dian eter, and by using phase referencin g to cop hase
between apertures, essentially incrcasing 7g to the avail able integration time. The
corruption of the fringe phase can be addressed by the use of closure phase, asin
the radio.

However, there are limits to the app lication of adaptive optics and phasc-
reference techniques, andto closure pliasce techniques. For the former, there arc
limits to the sky coverage achievable at snort wavelengths, discussed below; for the
latter, there arc limits to source brightness and extension due to the propertics of
the estimators at visible/IR wavelengths. In particular, closure phase is estimated
using the bispectrum in order to yield an unbiased est immate. However, the bis-
pectrum is a six(l-order estimatorin electric field, and at visible wavelengths the
signal-to noise ratio (SNR) is proportionalto (v NV)? for low SNR, where N is the
number of photons per coherence voluine and V is the fri nge visibility. Thus, SNR
falls off rapidly for faint objects when the coherence volume is small(N << 1) or
the object is extended (V << 1). Thus, for successfulimaging of extended objects,
the coherence voluine must be mereased such that the SNR per framne is greater
than unity.

2.1. PHASING

Traditionally, the reference- star problein in adaptive optics has precluded the ap-
plication of these techniques t0 obscrvations at short wavelengths, At visible wave-
lengths withoutl laser guide stars, it would ordinarily be necessary to find a 10-mag
star within the several arcsccondisoplanatic patcliabout the target in order to
yicld suflicient phiotons per 7o to run the wavefront sensor. However, with the ad-
vent of laser-g;aid(-star techiniques (cf. Fugate et a. 1991, Primmerman et al. 1991),
the laser spot provides the photons for the Iligl)-order corrections, while anatural
star is needed only for tip- tilt correct ion; this star, which can be seised using the
whole aperture, can be as faint. as 1518 mag. A s coherence arca and isoplanatic
angle increasc rapidly with wavelen gth, above some cutofl waveleng th, ~1 an for
large apertures, full sky coverage is available, with partial coverage or partial cor-
rection avail able at shorter wavelengths, Adaptive optics with natural guide stars,
including the partial correction case, aswell as laser-g aide-star adaptive optics, arc
discussed indetail clsewhere in this proceedings.

For app hcation to interferometry, it is worth noting that the SNR needed for
tilt correction with lascr-guide-s(ar adaptive optics is siimnilar to that needed for
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fringe tracking with aninterferometer. In other words, if yourestrict yourself to
objccts you could fringe track if the apertures were phiased, then the object is bright
cnouglt to serve as a tilt reference. Said differently, assutning phased pupils, if you
can ¢ ophase the interferometer, you can phase it as well. Unfortunately, the converse
of this iS not true, andcophasing is the more diflicult problein for interferometry.

2.2. COPHASING

Unfortunately, laser-guidestar technology dots not scemapplicable to cophasing of
interferometers. There arc several problems. The primary problem is atmospheric
reci procity, which has the effect of making the laser spot appear stationary to the in-
strument, and thus prevents it from being used as a tilt or cophasing reference. This
is the reason anatural tilt reference is needed for laser-~uide-sl,ar adaptive optics.
[ addition to this problemn, there would be problems with focus anisoplanatism, as
well as the achicvable brightness of the laser spot, which wouldbe strongly resolved
by theinterferometer.

‘J bus, only acelestial object canbe used as a cophasing reference. With a
sparsc-aperture interferometer, this object must be located within the ordi nary
isoplanatic patch (not the tilt isoplanatic patch, which is slightly larger), so that
the sky coverage for cophasing with phiased pupils is less than that achievable with
laser-guide-stlar adaptive optics. However, as with aperture phasing, there is sorne
cutofl wavclength above which full sky coverage is available. The calculations for
sky coverage arc similar to those for natural-guide-star adaptive optics (cf. Rigaut
& Gendron 1992), and an estimate is given below,

wavelength sky coverage
D= 2m D: 6m D= 10m

0.6 yon 0.1% 1% 3%
1.0 pn 0.5% 5% 15%
2.0 o % 0% 100%

I'rom the table, it can be scen that significant sky coverage is ouly available for
A<1.52.0 yan with larger apertures. However, in this fully cophased mode, a ground
interferometer now has the samne basic performance as a space interferometer with
oplics al the saine temperature. Note, that when cophased, closure quantitics can
be integrated coherently such that the SNR per frame is always greater thanunity,
and thus there is no sensitivity penalty to mcasuriug the closure phase.

While cophasing for arbitrary fields is possible at 1ong wavelengths, at short
wavelengths a cophasing reference for arbitrary fields will not generally be avail-
able. In this casc there arc several options. One is 1o observe in passive mode, where
the bispectrum is integrated in narrow bandwidths set to maintain coherence de-
spite the atmospheric phase fluctuations. ] lowever, because of the photon rate and
visibility dependerice of the bispeetrum estimator and the narrow bandwidths re-
quired, passive operation exacts a large sensitivily penalty, especially on extended
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Fig. 1. Approximate sensitivity of aredund ant-apertureinterferometer (~ 5x5) for imag-
ing extended objects.
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objects. While, similar to partial adapti ve optics, there are partial cophasing op-
tions which allow thc use of wider” spectral chiannels thau ordinary passive-mode
operation, the highest throughput solution IS to cophase on the object itself using
arcdundant array.

2.3. IMAGING WITH R} DUNIANT ARRAYS

The basic idea is to design a redundant array such that the longer hasclines which
resolve the target arcspanned by anumiber of shorter ones which donot (cf. Rod-
dier 1988). Thus, while it is not possible to fringe track directly on the longer
basclines becausc of the low fringe visibility, fringe tracking is still possibly on the
short baselines over which the object still appears point-like. Thus, by bootstrap-
ping across a munber of snort basclines, the longer basclines can be approximately
cophased. In this case, the situation is as discussed above, where the bispectrum
Call be coherently integrated until its SNR is greater than unity, so that there is no
penalty from the use of the bispectrumn rather than the ordinary Michelson phasor.
The general behavior of this type of nnaging is illustrated in Ig. 1, which for an
assumed b xb redundant array, plots the limiting source ma gnitude vs. object com -
plexily for several aperture diameters. For compact objects, the limiting magnitude
is set by the fringe tracking Himitin g magnitude for a point objeet. However, as thie
object becomnes resolved by the short basclines, thesensitivity degrades rapidly.
Thus, redundant arrays arc a good solution for moderately bright objects, or t hose
that have a compact core.
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2.4. IMAGING WITH SPACE INTERFEROMETERS AND CONCLUSIONS

The results of the last few sections can be summarized by comparison with a space
interferometer. As limited coherence volume is the main problem with ground-
based systemns, it is clear that any space interferometer should be phase stable.
However, a small phase-stable interferometer will find it hard to comnpete with a
filled-aperture 8 10 m telescope on the ground using laser guide stars at red/near-
IR waveclengths. However, the interferometer has advantages at shorter wavelengths
where full sky coverage is problematic, and clear advantages in the UV which is
unobservable from the ground. For longer basclines and near-to mid-1R wavelengths
where full cophasing and phasing is possible on the ground, the space interferometer
is not competitive with a ground interferometer unless the apertures arc cooled;
however, brute-foree collecting arca on the ground can make up for the some of
the cooling advantage if the space apertures are very sinmall. Yor visible to near-1R
wavelengths where general cophasing is not possible on the ground, a long-baseline
spacc interferometer can observe faint, extended objects which are not candidates
for sclf cophasing using redundant arrays,

For the sake of brevity, the above comparison is somewhat simplistic and also
docsn’t address the reduction to practice of some of the phasing and cophasiug
coneepts for ground interferometers. In addition, there arc a few arcas of comparison
which hrave not been deall with. These include high-dynamic range obscrvations
using coronagraphic or interferometric techniques to cancel the light (and photon
noise) from a bright point source in the field in order 1o reveal a faint feature
or object. Even with adaptive optics and cophasing, the time- varying atiospheric
residuals in the wavefront limits the perforinance of such techimiques on the ground.
In addition, a space interferometer has no isoplanicity limitations, and in theory
large ficlds can be imaged with a stable PSEF (although recent work with HST
nages has shown the capabilities of non-stationary deconvolution techniques).

3. Astrometry

As with inaging, atmospheric turbulence limits the accuracy of all astrometric mnca-
surernents made from the ground. For the purpose of understanding the astrometric
limits from the ground, it’s uscful to consider three general categorics of measure-
ments: (a) wide-angle astrometry (tens of degrees), which is best accomplished
with a long-bascline visible or infrared interferometer, (b) narrow-angle astromnetry
(~10 arcinin), as implemented with long-focus telescopes and CCD or ronchi-ruling
back cnds, and (¢) very-narrow-angle astrometry using a long-bascline IR interfer-
ometer. In general, the eflfects of atmospheric turbulence decrcase (nonlincarly) with
the size of the ficld. In addition, over narrow ficlds, there are significant advantages
to long basclines.

3.7. WIDE-ANGLE ASTROMETRY

For wide-angle, or absolute astrometry, the atimospheric error is very non- white and
is only weakly dependent on integration time (¢ /%), With an infinite outer scale,




6 M. M COLAVITA

the eror is aso independent of bascline length. The limit from the ground is ~50
10(J milhiaresee (1nas) for a 1-minmeasurciment. Repeated measurcinents decorrelate
for separations of order 1 hr,andthusihecachievableaccuracy for, say, 10 nights of
10 observations per night is~5 10 mas. T'hese munbers are consistent with Mark 111
obscrvations (Shao et al. 1990). T'he equivalent visible lniting magnitude for such
mcasurciments is ~10 mag for a visible-wavelength interferometer, and ~15 mag for
anlR interferometer; phioton noise is not a problem for such bright sources.

At visible wavelengths somewhat higher accuracies are achievable with two color
techmiques. The essence of the technique is o observe the fringe position at two
widely-separated colors, Because of at mospherie dispersion, the two fringe positions
will be diflerent, and the diflerence will be proportional to the instantancous at-
mospheric error, allowing a correction to be made. Fhe process is not significantly
different from the use of two- frequency t echniques inthe radio to correct for iono
spheric errors. The achievable gainin astrometric performance is typically a factor
of 35, limited by water vapor and other effects. Thus, ~linas yearly accuracies
scem to be a fairly hard limit for ground-based wide-angle astrometry.

3.2. NARROW-ANGLE ASTROMETRY WITH TELESCOPES

The atmospheric cflects are less severe with a diflerential measurement whicli iea-
sures the diflference in the positi ons of two stars; in particular, the “whitening”
eflect of a differential measurement leads to an at mospheric error which decreases
atthe sguare root of theintegration time. The state-of- the-art for differentialmea-
surcments over fields of ~10 arcminutilizes T1-lodest-size telescopes with CCD or
ronchi-ruling back ends. For this combination of field and instruinent size, the at-
mospheric error is only weakly dependent on the telescope diameter and the star
scparation, and the achievable accuracy is ~1-2mas/+v/hr. Photon noise is cqual to
atmospheric noise a ~18mag for a 1 .51 telescope will 1a CCD detector.

3.3. NARROW-ANGLE INTERFEROMETRIC ASTROMETRY

What is the source of the error ina differential incasurcinent? Qualitatively, light
from cach star follows a diflerent path through the atimosphere, and it is this de-
viation from a common path which introduces the error. Counsider the case of {wo
stars 0.5% apart: at the top of the turbulent atmosphere, i ~ 10 ki, the rays from
the two stars arc scparatedby 1 ()() m, which is ordinarily much greater than the
baseline length 13.1u this regime, the proportionality of the error is as 0'/%, where 0
is the star scparation. However, if the field is narrowed or the bascline is increased
SO0 that 0k < B, thenthe error behavior chianges radically, and is now strougly
dependent on both the star separation (as 0) and the bascline length (as 13 23y,
T'his behavior is illustrated in1ig. 2, which gives the atiospheric error in 1 hr of
integration time for a Mauna Kea turbulence profile.

The error behavior for very small fields suggests a new type of astrometric
measurciment for detecting exoplanets or other “at” motions using a long-bascline
infrarcd interferomcter (Shao and Colavita 1 992b). The basic idea is to employ
a dual feed at cach aperture of the interferometer and easure the diflerence in
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Fig. 2. Frror behavior of a different ial astrometric measurem ent as a function of ficld angle
and bascline lengt h.
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delay between the fringes on two stars simultancously. If the observations are made
in the in frared at 2.2 yun, then phase referencing can be used within the 2.2 yan
isoplanatic pateh (1520 arcsec) of a relatively bright target to increase sensitivity in
order to aways findusablencarby reference stars. A detailed example is workedin
the above reference; in sunmnary, for a 200-1n instruinent, the atinospheric limit for
stars scparated by 15" is ~10 jias/+/hr. The photon noise limit is also ~10 pras/+v/hr
for stars of typical visualmagnitude 20.5; stars of thismagnitude should be available
within the assumed 15” of the target, which itself is assumed brighterthan~16mag .

3.4. ASTROMBTRY WITH SPACE INTERFEROMET'ERS ANI) CONCI USIONS

The approximate capabilitics and sensitivities of grou nd- based visible/near-1R as
trometry, discussed above, arc smninarized below,

Mecasurcinent Instrument Pield  Atmospheric  Accuracy  Sensilivity
wide angle IR interf. 20° 15 mas/y/night 16 mag
wide angle 2-color vis. interf. 20° b nas//night 10 1mag,
narrow angle 1.5111 telescope 10 1- 2 mas/Vhr 18 mag
very narrow angle dual -object IR interf.  15° 10 yias/+/hr 16 1mnag

The comparison with space interferometers is much simpler for astrometry than
for mmaging. Interferometers outside of the at imosphere arc now met rology and



